Abstract. The Inn River basin is a highly relevant study region in terms of potential hydrological impacts of climate change and cross boundary water management tasks in the Alpine Space. Regional analyses in this catchment were performed within the EU co-funded project AdaptAlp. Objective of the study was to gain scientifically based knowledge about impacts of climate change on the water balance and runoff regime for the Inn River basin, this being fundamental for the derivation of adaptation measures.
Introduction
The hydrology of Alpine catchments plays a crucial role for water availability in central Europe. At the same time, the region is sensitive to climate change and has experienced a temperature increase of 1.2 • C in the past century. This is more than twice as high as the average increase in the Northern Hemisphere. Alpine precipitation changes are highly variable with increasing and decreasing trends depending on region and season (Auer et al., 2007 , spatial extent of the analysed region: 4-19 • E, 43-49 • N). The Inn River basin is a highly relevant study region in terms of potential impacts of climate change on hydrological processes and cross boundary water management tasks. Regional analyses for the Inn River basin were performed within the EU co-funded project AdaptAlp (2008 AdaptAlp ( -2011 . The objective of the study was to gain scientifically based knowledge about the impacts of climate change on the water regime of the Inn River and to derive information on which to base adaptation measures in the context of multiple uncertainties in the applied methods.
Area of interest
The Inn and its tributaries span a catchment of more than 26 000 km 2 in four countries (Fig. 1) . The water regime of the Inn is greatly influenced by the complex terrain and heterogeneous climate of the southern part of the basin which has typically alpine characteristics (e.g. altitudes up to 4000 m a.s.l. and steep gradients, high annual precipitation amounts and low mean temperatures in the summit regions). This particularly affects seasonal and spatial precipitation distribution and snow melt dynamics. The average temperature is 6.3 • C (1971-2000, annual mean of 104 climate stations in altitudes of 300-3300 m a.s.l.). The average annual precipitation for the period 1971-2000, according to a long term water balance simulation of the study region performed with the hydrological model WaSiM-ETH, is 1425 mm (see Sect. 3.2 for details on the precipitation interpolation).
Half of the annual runoff of the Inn River is produced from May to August (Fig. 2) . Low flows occur more often in the dry and cold winter months, and the most extreme flood events result from extreme precipitation in summer during so called "Vb cyclones" (e.g. Gattermayr and Steck, 2006; Bayerisches Landesamt für Wasserwirtschaft, 2002; LfU, 2007) . In Bard et al. (2011) , some changes in the water regime of the Inn River basin have already been observed, like an earlier start of the snowmelt season and an increasing annual minimum flow. Though human activities, especially water management and land use, have also affected the water regime of the Inn over time, the careful selection of data for the trend analyses point to climate induced changes (KLIWA, 2002; Bard et al., 2011) .
Methodological approach

Impact model chain
In order to analyse the possible local impacts of global and regional climate change, a so-called "climate impact model chain", or in short "model chain", is applied. As shown in Fig. 3 , the model chain starts with a global greenhouse gas emissions scenario which provides the basis for global climate simulations using Global Climate Models (GCMs). The regional output of the GCMs provides the input for Regional Climate Models (RCMs), that can be either statistical or dynamic (physically based) models for downscaling numerous climate variables to a regionally, and in some cases locally, relevant scale. For the Alpine Space, and therefore also for large parts of the Inn River basin, the question of model resolution is highly relevant. Most GCMs still have resolutions of more than 150 × 150 km 2 , so one grid box covers an area about the size of the study area.
Against this backdrop, the role of the RCMs, which are run at resolutions of 25×25 km 2 and below, is extremely important. They constitute the first point in the model chain where it becomes possible to represent some of the orographic detail that characterises the highly complex terrain in the Alpine Space. However, for the analysis of locally relevant questions using, for example, hydrological models, an even higher spatial resolution can prove necessary.
All dynamic RCMs and their driving GCMs display not only a general model uncertainty, meaning a random deviation from observed climate values in a reference time period, but also a certain model bias, meaning a systematic over-or underestimation of important climate variables. This is due to still unknown physical processes in the atmosphere-ocean interaction, and to the necessary simplification of processes in the models. In a study by Krahe et al. (2009) , the model bias of regional dynamic models in a comparable study area, the catchment of the Alpine Rhine, was shown to cause a systematic overestimation of monthly precipitation amounts as well as seasonal under-and overestimations of the air temperatures.
The findings of Krahe et al. (2009) and other authors have led to the conclusion that the data from regional dynamical projections cannot be used directly in impact models (Fowler et al., 2007; Graham et al., 2007; Mudelsee et al., 2010) . Therefore, the next step in the model chain for all dynamic RCMs is further downscaling in combination with bias-correction. The procedures are based on statistical correction functions which have been shown to reduce the bias with respect to the reference data in the past and are therefore applied to the climate projection data in the future. This step is based on the assumption that the reference data represents the true past climate and that the bias has been quantified correctly and will remain the same in the future. In this context it is important to note that the downscaling procedures applied in statistical RCMs are based on entirely different methods. Because of the underlying methodology, bias-correction is not applied to statistical RCMs.
The final step in the model chain is impact modelling. In this study, hydrological simulations were performed using the calibrated model system WaSiM-ETH (version 8.06.02) at 1 km 2 resolution and daily time step for the Inn River basin. The grid based hydrological model describes hydrological processes of transport, storage and phase transition on the basis of simplified physical equations on a catchment scale (Schulla, 1997; Schulla and Jasper, 1998 ). The soil model takes into account soil water dynamics by solving the Richards Equation for the movement of fluid in a porose medium (Schulla and Jasper, 2007) . Station-based input climate data are regionalised using variable-specific interpolation schemes, for example an extended Inverse Distance Weighting (IDW) method that has been proven to describe spatial hydrometeorological characteristics in the catchment adequately (LfU, 2010) .
The implementation of the model chain resulted in different combinations of global and regional climate models, downscaling procedures and impact modelling. All the results were analysed in terms of plausibility and climate change signal. In addition, selected plausible projections were analysed more closely with regard to adaptation relevant information.
Reference data
The choice of a reference climate dataset plays a crucial role within the climate impact modelling chain. The most important climate variable for water balance modelling is precipitation, but this parameter in particular is connected with high uncertainties not only due to the measurement procedures, but also to the highly heterogeneous spatial and seasonal distribution of precipitation in an alpine environment. The distribution of the 415 available precipitation stations, located in altitudes between 300 and 3300 m a.s.l., can be seen in Fig. 1 . The interpolation of the point measurements onto grid cells of varying size can be performed with different methods (Weilguni, 2006) . It has to be kept in mind that the "real" precipitation and climate in the study regions remains unknown. One measure for the validation of the representation of precipitation within the model chain is the comparison of simulated and measured runoff after using the interpolated precipitation data in a water balance model. Water balance simulations with the hydrological model WaSiM-ETH revealed that a combination of IDW and elevation regression generated best results for most sub catchments in the Inn River basin (LfU, 2010) . Other less altitude dependent regionalisation methods tended to result in lower precipitation sums and discharge deficits in the most mountainous parts of the basin.
In addition, the "WaSiM" dataset, which constitutes the climate data that is regionalised in the hydrological model, was compared to other selected climate datasets for the study region. Several climate datasets are available for the Alpine Space, all applying different regionalisation techniques for the interpolation of station data. A description of the datasets and regionalisation methods can be found in LfU (2011). The comparison of the datasets was based on criteria like the mean annual and monthly total precipitation in the whole Inn basin and several subcatchments, the mean annual and monthly temperatures, and also variables that characterise extreme precipitation. The comparison showed that mean annual values as well as the extreme values differ significantly, and the differences increase with rising mean altitude of the subcatchments. It was concluded that datasets with strong altitude dependence in the underlying interpolation approach, like the WaSiM dataset, are better suited for the strong relief of the study region.
To ensure consistency in the model chain, the dataset "WaSiM" was used (a) as a reference for the assessment of the performance of regional climate models in the study area, (b) as the basis for the calibration of the hydrological model and (c) as the basis for the bias-correction.
Climate models
The ensemble of regional climate projections included in this study is based on the moderate IPCC emissions scenario A1B (greenhouse gas emissions scenario of the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios; Nakicenovic et al., 2000) . Several combinations of global and regional climate models and both statistical downscaling methods and dynamical downscaling followed by bias-correction procedures were included (Table 1) . Initially, a total of 14 regional climate projections were included in the study (plus two further datasets REM uba and REM ubv, which are both variations of the REMO UBA regional climate model; UBA, 2006). WETTREG (Spekat et al., 2007 ) is a statistical downscaling approach developed and widely used in Germany (e.g. KLIWA, 2006) , which is considered more reliable for the near future than the distant future. The four "GLOWA" projections, which were developed and applied in the GLOWA Danube project (2010), are simulation results of a "climate generator" using trends based on other available climate projections. The dynamic regional climate models originate from the EU FP6 project (Jacob, 2006; Hollweg et al., 2008; Lautenschlager et al., 2009; Jacob et al., 2009; Keuler et al., 2009a, b, c) . The RCMs have different spatial resolutions (see Table 1 for details). Regarding temporal resolution, all climate parameters are available in daily time steps. The reference time period is 1971-2000, the analysed future time periods are 2021-2050 ("near future") and 2071-2100 ("distant future"). Bias-correction for the climate variables precipitation, temperature, and sunshine duration was performed by the German Federal Institute of Hydrology (BfG) within the EUproject AdaptAlp, using quantile-quantile mapping for precipitation and linear scaling for temperature and sunshine duration. For details on the models and the bias-correction procedures, please refer to the AdaptAlp technical report (LfU, 2011; Krahe et al., 2012) .
Within the scope of this study it was not possible to perform hydrological simulations for all the available RCMs. A reduced number of RCM runs was selected according to the following criteria: (1) plausibility of the individual RCM runs: as described in Sect. 4.1, the output of the climate model runs was compared with reference data for the past, to assess the plausibility of the projections. (2) Representation of the full range of the climate signals detected in the original group of 14: to achieve this, the simulation runs were compared for the near and distant future for various variables and measures (LfU, 2011) . (3) Representation of the different methodological approaches described above.
As a result of these considerations, 10 RCMs were selected as input for hydrological modelling: four statistical and six bias-corrected dynamic RCM runs (Table 1) .
Results
Validation
In a first validation step, the plausibility of the climate projections in the reference period was analysed by comparing the climate model output with reference data. The results are shown in detail in LfU (2011). All models performed well for the long-term means of climate variables, e.g. mean annual precipitation is simulated with differences of less than ±10 % compared to the reference. This was to be expected, as both statistical downscaling methods and biascorrection methods are based on observed data. On the other hand, all models showed weaknesses in reproducing measures of extreme and rare events, e.g. the measure of the number of days with precipitation sums of more than 20 mm. For the winter months (DJF), for example, the projections show differences in the order of ±30 % compared to the reference. The observational dataset "WaSiM-ETH", used as a reference for validation, also showed deficits for this type of measure (LfU, 2011) . Therefore, reproducing extreme precipitation characteristics is not only a weakness in regional climate modelling, but also poses a problem in observational datasets. Consequently, the analysis of climate projections for the future with regard to these statistics remains a complex problem.
In a second step, the plausibility of the model chain was validated from the "impact end" for the 10 projections used in hydrological modelling, by assessing the performance of the different model chain realisations in reproducing runoff indicators for the past at several gauges in the catchment. If the combination of global model, regional model, in some cases bias-correction, and impact model is able to reproduce certain measures that describe observed hydrological conditions in the past, this is taken as proof of the reliability of the whole model chain for these specific measures, also for the future. Validation was satisfactory for mean monthly runoff (MoMQ), mean monthly high flow (MoMHQ), and mean monthly low flow (MoMNQ), with deviations from the reference of, in most cases, less than ±10 % (LfU, 2011).
Regarding low flow extremes for the Inn River basin, the discharge for low-flow events occurring statistically every 50 yr (NQ50) was analysed. The measure was calculated using extreme value analyses based on measured discharge and discharge simulated using the model chain realisations. The comparison showed differences of less than ±20 % (LfU, 2011) . This is considered a satisfying result, given the small data pool for rare events of this kind when considering 30-yr periods. For high flow extremes, the discharge for flood events occurring statistically every 10, 50 and 100 yr was analysed. The validation was inconclusive and presently considerable doubts remain as to the ability of the model chain realisations to simulate these measures for the future. Therefore, for the analysis of results for future time periods regarding high-flow and flood risk, only the mean monthly high flow (MoMHQ) is considered.
Scenarios for adaptation
The full realisation of 10 model chains (Table 1) , from global climate model to impact model, produced a wide range of results for the Inn River basin. Some scenarios showed significant changes towards more flood prone conditions in winter months, whilst other scenarios showed developments towards more severe low-flow conditions. As each model chain realisation can be considered plausible, it can be concluded that each realisation contains adaptation relevant information.
In the context of a growing number of available climate projections spanning a wide range of possible future developments, this raises the question of how to proceed in future studies focusing on adaptation to climate change at the regional level. An important challenge is the identification of objective criteria for the selection of subsets of the available projections to serve as scenarios for adaptation. Identifying and testing possible objective criteria remains an ongoing process which is highly dependent on local and regional characteristics as well as the specific question at hand. A helpful intermediate step is the closer analysis of characteristic projections, for example those representing opposite -but not extreme -ends of the simulated spectrum. This is demonstrated on the basis of two hydrological projections: one "drought-prone" model chain realisation (WET10 eh), and one "high-flow increase scenario" (REM UBA b). It is worth noting that both hydrological scenarios have identical model chain beginnings up to the GCM. The global model run ECHAM5 r1(A1B), in combination with the statistical regional climate model WETTREG 2010 on the one hand and the dynamic climate model REMO on the other, produces significantly different results regarding temperature and precipitation. This is an indication of the enormous variability amongst different regional climate modelling methods and models. Figure 4 shows the development of the climate change signal for the climatic variables temperature and precipitation for all the regional climate models listed in Table 1 . Though all projections are characterised by temperature increases both in the summer and winter season, the temperature increase simulated by WET10 eh (Fig. 4 , dashed black line) is stronger than the increase shown by REM UBA b for the first half of the 21st century. REM UBA b even shows a slight decrease at the beginning of the 21st century (Fig. 4 , thick black line) but ends the century as one of the warmest projections, with an increase of more than 3.5 • C for both the summer and winter season. WET10 eh is characterised by decreasing precipitation amounts in both summer and winter, setting it apart from most of the other projections that show increases in winter and decreases in summer. REM UBA b shows strong increases at the beginning of the century in winter, after which the level remains more or less constant, at about +10-+15 % above the levels of the reference period 1971-2000. In the summer months, REM UBA b, like many other projections, shows more or less unchanged conditions until the middle of the century after which the precipitation amounts decrease rapidly.
"Drought-prone scenario"
If only the near future and the model chain realisations based on bias corrected dynamical regional climate models are considered, the results regarding frequent lowflow events, characterised by the measure MoMNQ, suggest that low-flow conditions will not become more severe in future (Table 2) . However, there are several arguments against this assumption: firstly, only a limited number of regional climate models are included in this study and we cannot be sure the whole range has been covered, especially as the uniform application of bias correction methods to the dynamic RCM output may also have reduced the range of our results. Secondly, based on the validation results, each model chain realisation can be considered equally plausible and the results based on statistical downscaling approaches agree on a tendency towards decreases, even in the near future. Thirdly, the results for the distant future (2071-2100) show a high level of agreement on decreasing MoMNQ discharges (Table 2) . This is explained at least in part by an overall reduction in Table 2 . Changes [%] in mean monthly low flow (MoMNQ) at gauge Passau-Ingling/Inn, in near and distant future (GLOWA projections not available for distant future), data relative to reference run of the respective climate projections in 1971-2000 for December-January-February (DJF), March-April-May (MAM) and June-July-August (JJA) September-October-November (SON) and averaged for the year. White = change less than ±20 %; light grey = decrease more than 20 %; dark grey = increase more than 20 %.
precipitation. It appears likely that hydrological processes such as changes in snow cover also contribute to this effect, though this could not be proven within the scope of this study.
In view of these results and the remaining uncertainties, a precautionary approach would mean choosing a "droughtprone" hydrological scenario as a basis for any vulnerability assessment and consequent adaptation measures regarding low flow and drought. The aforementioned model chain realisation WET10 eh is a "dry" but still entirely plausible scenario (though, as mentioned in Sect. 3.3 WETTREG is generally considered less reliable for the distant future than for the near future).
Based on this hydrological projection, MoMNQ could decrease in the order of −10 % in the near future (2021-2050 compared with 1971-2000 , decrease of −16 % in the summer months JJA and a decrease of −9 % averaged over the year). For the distant future, decreases in the order of −40 % are projected (2071-2100 compared with 1971-2000, decrease of −54 % in the summer months JJA and a decrease of −38 % averaged over the year). The monthly mean low flow at the Inn River basin exit gauge Passau-Ingling, as calculated based on measured discharge in the 20th century, lies in the order of 800 m 3 s −1 for summer and 400 m 3 s −1 for winter (Fig. 2) . A reduction in summer by more than −50 %, as estimated by this "drought-prone scenario" for the summer months in the distant future, would significantly change the summer runoff situation. Monthly low-flow means similar to those observed in the winter in the 20th century would also be possible in summer.
The results presented so far relate to the average lowflow measure MoMNQ. To analyse whether extreme lowflow events could become more severe in future, extreme value analysis assessing the frequency of the occurrence of such events was performed on the simulated discharge series for the near and distant future for the 13 gauges in the Inn River basin (background information on low flow analysis can be found in the WMO "Manual on Low-flow Estimation and Prediction" by Tallaksen and Hewa, 2009 ). The results show that rare extreme low-flow events could become more severe, with decreases in the order of −20 % for low-flow discharge events occurring statistically every 50 yr (NQ50) shown by WET10 eh for the period 2071-2100 compared with 1971-2000.
"High-flow increase scenario"
As described above, the results of climate change impact modelling for the measure "mean monthly high flow" (MoMHQ) were considered sufficiently reliable for the derivation of adaptation relevant information. Simulation results for extreme flood occurrence, e.g. climate induced changes in the 100-yr flood, could not be used with confidence. In this study, this makes MoMHQ the only measure that can be analysed with regard to potential changes in floods. These results only have very limited relevance to the question of changes in extreme flood occurrence, as they only provide an indication of the possible direction and order of magnitude of changes in frequently occurring high-flow conditions.
The model chain realisation REM UBA b, which has been shown to be plausible whilst at the same time representing the "high-flow increase" end of the analysed spectrum, showed increases in MoMHQ in the order of +30 % for autumn and winter months (+27 % for SON and DJF) for the near future (2021-2050 compared with 1971-2000) (Table 3). For the distant future (2071-2100 compared with 1971-2000) a decrease in MoMHQ is projected for autumn (SON −16 %) but at the same time the projected increase in winter reaches a value in the order of +50 % (+54 % DJF). The projected changes can be attributed to the higher precipitation amounts in winter in combination with increasing temperatures leading to less snow and earlier flood peaks within the hydrological year.
Summary and conclusions
The different climate impact model chains produced a wide range of results for the Inn River basin, with some scenarios showing significant changes towards increasing highflow in winter months, whilst other scenarios showed developments towards more severe low-flow conditions, especially towards the end of the 21st century. The validation of the results showed a satisfactory reproduction of the measured mean monthly runoff (MoMQ), mean monthly high flow (MoMHQ), mean monthly low flow (MoMNQ) as well as NQ50. Therefore, each model chain realisation can be considered plausible for these measures and it can be concluded that despite apparent contradictions, each realisation contains adaptation relevant information. This was demonstrated on the basis of two hydrological projections, one "drought-prone scenario" and one "high-flow increase scenario". These projections represent opposite ends of the simulated spectrum without taking on extreme values compared with the rest of the ensemble.
The "drought-prone scenario" showed a decrease in extreme low-flow discharge occurring statistically every 50 yr (NQ50) in the order of −20 % and a decrease in mean monthly low flow (MoMNQ) in the order of −40 % towards the end of the 21st century. The "high-flow increase scenario" produced significantly different results regarding climate induced changes in discharge, with projected increases in winter for MoMHQ in the order of +30 % for the near future and +50 % for the distant future.
The regional climate models showed weaknesses in reproducing observed statistics for extreme precipitation events in the 20th century and the validation results for the model chain regarding flood events with return periods of 10, 50 and 100 yr were not satisfactory. Consequently, only results for MoMHQ are available for the derivation of adaptation measures regarding high-flow and flooding. Until this situation improves, a precautionary approach within acceptable margins is recommended. A "good-practice-example" of this approach is the "climate-change-factor" used in Bavaria for the design value for flood protection measures (KLIWA, 2006) . The design value is calculated by multiplying the discharge for the design event, usually the 100-yr-flood, with a given factor (for the 100-yr-flood 1.15), thus deriving a design value that is, in this case, 15 % higher than the respective statistical design event.
The findings presented here demonstrate the need to optimise the model chain in order to produce reliable projections, especially for flood events. In more general terms, the findings open up the possibility of optimising the model chain for different regions and different hydrological measures. This could include choosing a reference climate dataset that reproduces the relevant climatic measures particularly well, the strategic case-by-case selection of regional climate projections according to objective criteria based on the type of analyses shown here, and the calibration of the impact model with a special focus on model performance for the hydrological measures in question.
